Stem cells are central to plant development. During root postembryonic development stem cells generating tissues are patterned in layers around a stem cell organizer or quiescent center (QC). How stem cell lineages are initially patterned is unclear. Here, we describe a role for BLUEJAY (BLJ), JACKDAW (JKD) and SCARECROW (SCR) transcription factors in patterning of cell lineages during growth and in patterning reestablishment during regeneration through regulation of number of QC cells and their regenerative capacities. In blj jkd scr mutants, QC cells are progressively lost which results in loss of tissue layers. Upon laser ablation blj jkd scr is impaired in QC division and specification resulting in severe impairment in pattern regeneration. Beyond direct regulation of QC activity by these transcription factors, reduced levels of SHORT-ROOT (SHR) and of PIN auxin transporters were observed in the vasculature of blj jkd
INTRODUCTION
Plant developmental plasticity relies on meristems. During postembryonic development, meristematic cells are generated from the activity of stem cells [1] . Root stem cells have pre-assigned identities and thus they are understood as initial cells of the distinctive cell lineages of the root [2] . Stem cells and their lineages are organized in layers but the cues and developmental processes which pattern this radial organization are unknown. Stem cells are found in specific microenvironments called stem cell niches [3, 4] . Stem cell niches also contain organizer cells which promote stem cell activity and maintain surrounding cells in an undifferentiating state [5] .
Organizer cells of the root stem cell niche are known as the quiescent center (QC) because of their slow division rate. QC divisions have been shown to be able to generate root stem cells during postembryonic development, and thus, the QC has been proposed to be a long-term reservoir for stem cells [6] . However, if formation of stem cells by the QC plays an active role during growth to generate a radial pattern, or it is rather an emergency mechanism in case a stem cell is accidentally lost is unknown.
Root stem cell niche specification and positioning in Arabidopsis thaliana requires hormone gradients and other signals, primarily converging into the PLETHORA (PLT) and SHORT-ROOT (SHR)/SCARECROW (SCR) pathways [3, [7] [8] [9] .
Auxin hormone forms a gradient in the root meristem with a maximum in the stem cell niche [10] . PLT accumulation is interpreted as a slow-read of auxin maxima, and thus, a maximum in the accumulation of PLT proteins occurs in the stem niche area. PLT transcription factors (TFs) are mobile proteins, moving longitudinally in oppose direction to the auxin gradient. PLT function is dose dependent and high PLT concentration associates with stem cell niche specification and QC maintenance, whereas decreasing PLT concentrations may instruct cells to proliferate and finally differentiate [8, 11, 12] . SHR is also a mobile TF. SHR is transcriptionally expressed in the central vasculature cylinder and surrounding pericycle layer [13] , although the mechanism controlling its transcription is not resolved. SHR protein moves radially to adjacent endodermis and QC, where it activates its targets SCR and the TF of the BIRD family JACKDAW (JKD) [14, 15] functioning as a dose dependent signal [16] . SCR and JKD interact with SHR and sequester it in nuclei. SHR regulates radial patterning being necessary to establish endodermis/cortex and metaxylem/protoxylem cell types [17] [18] [19] . SHR has also been reported to maintain and promote QC specific expression and activity in combination with SCR and JKD [3, 20] . SCR itself has been shown to regulate gibberellin and cytokinin signaling affecting auxin biosynthesis and root stem cell activity and, in addition it regulates cytokinin signaling from the endodermis which controls meristem size and root growth [21] [22] [23] .
WUSCHEL-RELATED HOMEODOMAIN 5 (WOX5) is involved in specification of QC identity and in maintaining a low degree of differentiation of surrounding stem cells [5] . PLT, SHR, JKD and SCR TFs regulate WOX5 specific expression in the QC [6, 8, 9, 20] . In addition, PLT and SCR interact with the TFs TEOSINTE-BRANCHED CYCLOIDEA PCNA (TCP) 20 and 21 to regulate WOX5 expression through PLT binding sites in WOX5 promoter [24] .
QC divisions to replenish dead or wounded cells are critical for regeneration [25, 26] . QC quiescence is restricted by the RETINOBLASTOMA-RELATED (RBR) protein / SCR circuit and WOX5, working respectively, as repressors of mitotic transitions and CYCLIN D3;3/1;1 activity [6, 27] . Regenerative QC divisions can be induced upon supplementation with genotoxic agents that selectively kill stem cells or upon laser ablation of stem cells, showing that QC divisions are critical for stem cell niche regeneration [25, 26, 28] . These QC regenerative divisions are restricted by the RBR-SCR circuit, which is in turn is regulated by Jasmonic Acid. In addition, Jasmonic Acid activates ETHYLENE RESPONSE FACTOR (ERF) 109, ERF115 and CYCLIN D6;1 to promote regeneration [26, 28] . Removal of QC cells through laser ablation triggers the specification of a new stem cell niche involving WOX5, SCR and PLT as regulators of cell fate and auxin gradient formation [29] .
Here, through analyses of Arabidopsis thaliana mutants in the transcription factors BLUEJAY (BLJ), JACKDAW (JKD) and SCARECROW (SCR) and chemical treatments, we show that QC cell number and their regenerative capacities maintain cell lineages and patterning downstream of these TFs. In addition, we show that these TF regulate specification of new QC-like cells upon laser ablation which is required to re-establish patterning during regeneration. Intriguingly, BLJ, JKD and SCR regulate PIN auxin transporters and SHR protein levels in the vasculature, although these TFs are expressed in the ground tissue and the QC. Decreased levels of SHR and auxin response were observed concomitant with loss of QC cells but prior major defects in radial patterning occurred. These results suggest the existence of non-cell autonomous regulation of vascularly expressed genes by BLJ, JKD and SCR, beyond direct regulation of QC gene expression. BLJ, JKD and SCR regulate the TF C-REPEAT BINDING FACTOR 3 (CBF3). CBF3, which was originally described as a cold response factor, shows specific expression in the ground tissue under standard temperature, while CBF3 protein is mobile. In the absence of BLJ, JKD and SCR, we detect loss of QC cells and decreased QC regenerative capacities, whereas targeted expression of CBF3 to the ground tissue of blj jkd scr shows recovery of the radial patterning and stem cell niche regeneration. Therefore, CBF3 may contribute as a radial signal from the ground tissue to regulate patterning during development and regeneration.
RESULTS

BLUEJAY, JACKDAW and SCARECROW work combinedly to maintain root patterning and meristematic activity.
Six members of the C 2 H 2 TFs collectively known as the BIRDs have been shown to be involved in formation of the ground tissue lineage [15] as well as in delimiting boundaries between adjacent cell layers, such as the epidermis, endodermis and pericycle layers [18, 30] . Beyond known regulation of the ground tissue by this family of TFs, we hypothesized that the BIRDs might be involved in regulation of root patterning through specification and/or maintenance of tissue lineages and their stem cell initials.
There are thirteen members of the BIRD family of TFs. We decided to focus on JACKDAW (JKD) and BLUEJAY (BLJ) as downregulation of JKD through RNA interference showed disorganization of the stem cell niche [30] and we had observed reduced root growth in plants carrying the mutation jackdaw-4 (jkd) in combination with the mutation bluejay (blj) ( Figure 1A ). SCARECROW (SCR) is a GRAS TF involved in maintenance of stem cell and meristematic function and scarecrow-4 (scr) mutant has been shown to have reduced root growth [7] . Combination of blj, jkd and scr mutations showed additive defects, which resulted in almost root growth cessation from 8 days post imbibition (dpi) onwards ( Figure 1A , S1A). Interestingly, our data show that blj jkd scr mutants continuously decreased growth while mutants in other regulators of stem cell and meristematic function such as plethora (plt) 1-4 (plt1) plt2-2 (plt2) mutant [9, 13] tended to maintain growth over all days analyzed; despite the fact growth is severely reduced in plt1plt2. Meristem inspection showed that although meristems of blj jkd scr mutants were of similar size as in the wild type (WT) in mature embryos ( Figure S1B ), by 6 dpi meristems of blj jkd scr were almost of similar size as plt1 plt2 meristems, further reducing their size from 7 to 13 dpi (Figure S1C,D).
Analysis of blj jkd scr patterning showed profound alterations. Transverse meristem sections of blj jkd scr at 8 dpi showed no easily recognizable organization in layers with central cells showing palisade arrangement and reduced number of cells as compared to the WT ( Figure 1B-C) . In contrast, scr and most jkd scr mutants showed radial pattern organization in concentric layers at 8 dpi, although jkd scr also showed reduced number of cells in the root cylinder as blj jkd scr. In agreement with previous observations [15, 21] , one ground tissue layers was observed for scr and jkd scr and none for blj jkd scr as compared with two layers observed in the WT. BLJ, JKD and SCR proteins accumulate in the ground tissue, and in addition, JKD and SCR proteins are present in the QC [15, 18] . As blj jkd scr mutants show disruption of the standard radial pattern while organization in concentric layers was still present in most jkd scr mutants, a non-cell autonomous mechanism regulating layer patterning from the ground tissue can be inferred. Furthermore, at 13 dpi only few enlarged cells made up the root cylinder of blj jkd scr ( Figure 1D ), indicating severe impairment of blj jkd scr meristems to pattern themselves and maintain cell lineages during postembryonic development. Because defects appeared from 6 dpi onwards, we report results in this paper between 6 and 13 dpi, normally at the first day it was detected.
BLUEJAY, JACKDAW and SCARECROW regulate gene expression associated to proliferation and differentiation programs.
To better understand defects in blj jkd scr we analyzed microarray experiments which profiled the blj jkd scr apical meristem at 5dpi [15] , prior severe growth and patterning alterations were observed. Analysis of differentially expressed genes between wild type (WT) and blj jkd scr meristems showed repression of genes involved in regulation of cell cycle progression ( Figure S2A ) among others. Introgression of the G2 to M marker CYCB1;1 in blj jkd scr showed severe impairment in mitotic transition ( Figure S2B ), likely indicative of less cell proliferation rate. Further analyses of differentially expressed genes in the blj jkd scr apical meristem showed repression of about 40% of genes normally expressed in the meristem while over 10 % of genes normally expressed in the differentiation zone were activated in the meristematic region of this mutant ( Figure 1E , Figure S2C -D). In agreement with this observation, we observed premature meristem exhaustion for blj jkd scr mutants between 8-13 dpi as compared to the WT, while it occurred later for jkd scr and did not occurred for scr ( Figure 1F ).
Analysis of mutants in other factors involved in stem cell niche maintenance such as
short-root (shr) and plt1 plt2 showed reduced meristem exhaustion in comparison with blj jkd scr ( Figure 1F ), indicating that BLJ, JKD and SCR combined activity is critical for stem cell function. As stem cell activity and meristem differentiation is prevented by the QC, we hypothesized that QC function might be severely altered in blj jkd scr.
BLUEJAY, JACKDAW and SCARECROW maintain number of quiescent center cells required for root patterning.
To further investigate patterning defects observed in blj jkd scr, we introgressed QC and stem cell markers into this mutant. Our results show localization of the stem cell differentiation protein SOMBRERO (SMB) in cells located in the position of QC cells in blj jkd scr, whereas SMB is typically excluded from QC cells as observed in the WT ( Figure 2A ). Several cells in the position of the QC which appeared to have recently divided did not show localization of SMB (Figure 2A : inset), suggesting that more differentiated QC cells in blj jkd scr cannot undergo formative divisions. In agreement with SMB relocation, we observed that expression of the QC regulator WUSCHEL-RELATED HOMEODOMAIN 5 (WOX5), which primarily locates in QC cells, appeared in reduced number of cells in blj jkd scr at 6 dpi as compared to the WT ( Figure 2B ).
These results indicate reduced maintenance capacity of the QC in blj jkd scr, as shown by reduced number of QC cells which appeared to differentiate without undergoing formative divisions.
QC divisions have been shown to replace stem cells [6] . Reduced number of QC cells could result in less stem cell activity but also in less capacity of the QC to replace nonfunctional or damaged stem cells during development. To test this hypothesis, we treated WT roots with the genotoxic drug bleomycin. Bleomycin was shown to cause stem cell death [25, 26] . However, we observed that at higher concentration than reported, QC cells could be also damaged or killed. After two days of treatment, most QC cells were damaged in WT roots as indicated by propidium iodide staining inside the cell and absence of WOX5 expression. The whole meristem appeared more differentiated showing enlarged cells, as expected from having reduced QC activity, but in addition, reduced number of vasculature layers was observed. Upon removal from treatment, remaining WT QC cells divided but failed to reconstitute a normal stem cell niche and meristem. Furthermore, these roots showed impaired pattering with reduced number layers ( Figure 2C ) which resembled blj jkd scr roots at 12 dpi ( Figure 2D ). This result indicates that reduced number of QC cells with reduced activity may result in altered patterning and be the cause of the observed defects in blj jkd scr mutant.
BLUEJAY, JACKDAW and SCARECROW are required to maintain SHORT-ROOT and auxin transporter PIN-FORMED 1 levels in vascular tissues
QC specification requires the SHR/SCR pathway, particularly this regulation is carried out by SHR, SCR and JKD [24] . In addition to a direct effect on QC expressed genes caused by absence of JKD and SCR in blj jkd scr, our transcriptomic analysis showed that SHR regulations was also affected, as SHR gene was repressed in blj jkd scr ( Figure S3A ). To investigate SHR levels in blj jkd scr, we performed signal quantification using hybrid detector counting in confocal analyses as we had previously shown to accurately detect changes in gene expression and protein levels [31] . We observed less SHR accumulation in vascular tissues in blj jkd scr in comparison with the WT at 6 dpi ( Figure 3A ) whereas no obvious changes were detected at earlier days. Our results showed that reduction in number of QC cells and patterning defects in blj jkd scr aggravated from 6dpi onwards, which interestingly correlates with a fivefold decrease in SHR levels observed at 6 dpi.
QC specification has been also described as a slow readout of auxin maxima accumulation [11] . In order to investigate whether impairment in auxin gradient and maxima formation in blj jkd scr could also relate to the observed defects in the QC, we analyzed auxin efflux carrier expression. Our transcriptomic analyses showed a decrease in PIN1, PIN2 and PIN4 gene expression ( Figure S3B ). PIN1 and PIN4 are essential for formation of a functional auxin gradient with a maximum in the QC area [32] . Analysis of PIN1 and PIN4 accumulation in blj jkd scr showed decrease in the amount of PIN1 and PIN4 ( Figure 3B , C). PIN1 levels decreased in vascular tissues while for PIN4 we primarily observed a strong reduction in the columella area. In agreement with a reduction in auxin transporters, we detected less auxin response in the QC of blj jkd scr as reported by the DR5 marker ( Figure 3D ). SHR, PIN1 and PIN4 genes are expressed in the vasculature and in addition, PIN4 is expressed in the columella. In contrast, BLJ TF is specifically localized in the ground tissue, while JKD and SCR TFs accumulate both in the ground tissue and QC cells [15] . Based on reduced SHR and PIN levels outside of the ground tissue and QC cells in blj jkd scr, a non-cell-autonomous effect is observed in the regulation carried out by BLJ, JKD and SCR.
Identification of ground tissue transcription factors which might be mobile
To investigate non-cell-autonomous regulation in BLJ, JKD and SCR activities we focused on TFs, as mobile TFs have been shown to mediate non-cell-autonomous regulation during development. In addition, BLJ, JKD and SCR regulate most SHR responses in the ground tissue [15] , so for searching purposes we filtered TFs in the SHR network, with enriched expression in the ground tissue ( Figure 4A ). Next, we tested if the identified TFs may move to adjacent tissues. The J0571 enhancer is expressed in the ground tissue and occasionally in QC cells, and it can be used to drive gene expression to these tissues using the UAS promoter. Thus, we used the J0571/GAL4-UAS::TF system to direct expression of the identified TFs. These TFs were also tagged with a yellow fluorescent protein (YFP). Out of the TF tested (Supplementary Table 1 ), three TFs: C-REPEAT BINDING FACTOR 3 (CBF3), DUO1-ACTIVATED ZINC FINGER 3 (DAZ3) and NUCLEAR FACTOR Y SUBUNIT B5 (NF-YB5) showed YFP signal outside of the ground tissue/QC transcriptional domain (GFP marked), indicating transcript or protein movement ( Figure 4B, Figure S4A, B ). Rest of TF tested using the same system did not show YFP signal outside of the ground tissue or the QC (Supplementary Table 1 , Figure S4C ,D) indicating that gene expression levels driven by this system is not promoting per se protein or transcript movement.
Interestingly, a radial pattern with extra divisions in the ground tissue was observed for J0571/GAL4-UAS::CBF3, J0571/GAL4-UAS::DAZ3 and J0571/GAL4-UAS::NF-YB5.
C-REPEAT BINDING FACTOR 3 is a transcription factor with enriched expression in the endodermis which regulates SHORT-ROOT levels in the vasculature
Out of the three putatively mobile TF we identified, we focused on CBF3 because protein levels in vascular tissues for J0571/GAL4-UAS::CBF3::YFP, based on YFP signal, were more prevalent than for DAZ3 and NF-YB5 ( Figure 4B , Figure S4A , B). In addition, we observed greater number of divisions in the ground tissue for J0571/GAL4-UAS::CBF3::YFP which occasionally created an extra layer. Based on a high-resolution expression map of the Arabidopsis root performed through RNA sequencing [33] , CBF3 is shown to have enriched expression in the endodermis while its expression levels in vascular tissues would be reduced by 7-fold ( Figure 4C ). To further explore CBF3 expression pattern we fused the fluorescent mCherry protein to a nuclear localization signal (NLS) and express this reporter gene under the control of the 3 kb upstream promoter of CBF3. Confocal analyses showed enriched expression in endodermis for the nuclear localized mCherry under the CBF3 promoter. In addition, expression driven by the 3 kb CBF3 promoter could also be detected in the endodermis, several cortex cells and the QC of lateral roots ( Figure 4D ). Although CBF3 expression associates with cold response [34] , we found that CBF3 was expressed in the endodermis under standard growth conditions (22 °C) .
SHR gene has been reported to be expressed in vascular tissues [14] , and accordingly the high-resolution expression map of the Arabidopsis root [33] showed enriched expression in the stele, primarily in xylem tissues ( Figure 4E ). To investigate if CBF3 may regulate SHR levels we quantified pSHR::SHR::GFP signal using hybrid detector counting in confocal analysis and observed reduced SHR protein accumulation in cbf3 mutant ( Figure 4F ). As CBF3 and SHR transcripts in vascular and ground tissue cell 
C-REPEAT BINDING FACTOR 3 regulates quiescent center organization and root patterning downstream of BLUEJAY, JACKDAW and SCARECROW
Next, we investigated if CBF3 was functionally regulated by BLJ, JKD and SCR at 6 dpi, as at that developmental time we had observed reduced number of QC cells in blj jkd scr. RT-PCR analysis of CBF3 expression in blj jkd scr showed downregulation at 6 dpi ( Figure 5A ). To investigate if CBF3 may regulate stem cell niche organization, we analyzed cbf3 loss of function mutant and 35S::CBF3 overexpressing line. We observed altered organization of the stem cell niche in cbf3, which showed QC cells with abnormal morphologies (penetrance 35 %). In contrast, 35S::CBF3 stem niche was always well organized and tended to show two QC cells at the stem cell niche middle plane while the WT normally has three at 9dpi ( Figure 5B ). To assess if CBF3 may regulate functionality of the stem cell niche, we studied expression of the QC regulator WOX5. We observed decreased expression of WOX5 in cbf3, which correlated with QC disorganization ( Figure 5C -D). Reduced WOX5 expression can be indicative of a QC with reduced functionality resulting in a more differentiated stem cell niche. In contrast, CBF3 overexpressing line showed increased WOX5 expression in comparison with the WT.
As CBF3 was under the control of BLJ, JKD and SCR and was necessary for SHR and QC organization, we investigated if CBF3 could regulate root patterning from the BLJ, JKD and SCR transcriptional domain. We introgressed J0571/GAL4-UAS::CBF3::YFP into blj jkd scr. We observed increased meristem size as compared to blj jkd scr J0571, and notably, recovery of the radial pattern organization with primary tissue layers being recognizable, while no obvious radial pattern could be easily identified for blj jkd scr ( Figure 5E-F) . In contrast, when we introgressed the J0571/GAL4-UAS::DAZ3 and J0571/GAL4-UAS::NF-YB5 lines in blj jkd scr we observed modest or no recovery ( Figure S4E) , indicating that the observed effects were unlikely to be caused by expression driven by the J0571/GAL4-UAS system itself but that it was dependent on CBF3.
Quiescent center formative divisions and stem cell niche regeneration requires BLUEJAY, JACKDAW and SCARECROW
Our results show that BLJ, JKD and SCR were required to maintain number of QC cells capable of undergoing formative divisions during development. To further investigate if QC cells in blj jkd scr could undergo formative divisions involved in stem cell regeneration, we treated roots with bleomycin using a concentration which specifically kills stem cells (0.8 μg/mL). After 24-hour treatment we observed reduced number of dead cells in blj jkd scr, suggesting reduced numbers of stem cells in this mutant as compared to the WT. Notably, upon bleomycin recovery, we detected few QC divisions in blj jkd scr, while QC cells in the WT actively divided as could be visualized by WOX5-GFP ( Figure 6A ).
To test whole stem cell niche regeneration in blj jkd scr, we performed laser ablation of stem cells above the QC, as this procedure results in the re-specification of a new stem cell niche. Ablated cells collapsed over time forming a scar, while division of QC cells occurred concomitant with specification of newly WOX5-GFP marked cells for first 48 hours following ablation. In blj jkd scr, QC cells divided less than in the WT and in addition there was a strong reduction in the number of newly specified WOX5-GFP marked cells ( Figure 6B -C, Figure S5A ). At 72 hours after ablation, WOX5-GFP expression in the WT was confined to a few cells (the new QC) within the new stem cell niche, whereas cells more distal to the new QC, and adjacent to the scar, started to elongate resembling columella differentiation. In contrast, no regeneration of a new stem cell niche was observed in blj jkd scr meristems which degenerated ( Figure 6C ).
Re-establishment of the radial pattern during regeneration involves CBF3 expression in the ground tissue
To determine the role of CBF3 in stem cell niche regeneration, we performed laser ablation in J0571/GAL4-UAS::CBF3::YFP introgressed into blj jkd scr as well as in cbf3 and 35S::CBF3. Root regeneration rate in blj jkd scr mutant was severely compromised in agreement with our results (Figure 7A , 6B-C). Strikingly, we detected that regeneration capacity of blj jkd scr expressing J0571/GAL4-UAS::CBF3::YFP occurred at similar rates as the WT. When we analyzed radial pattern re-establishment during regeneration, we found that those roots of blj jkd scr J0571 which occasionally regenerated (~5%), were incorrectly patterned showing disorganized layers. In contrast, introgression of CBF3 in blj jkd scr using J0571/GAL4-UAS::CBF3::YFP allowed pattern re-establishment, which was similar to the radial pattern observed for the WT ( Figure 7B ). As J0571 occasionally drives expression to several QC cells, it is possible that pattern regeneration requires certain levels of CBF3 in the QC in addition to CBF3 being expressed in the ground tissue.
Evaluation of regenerated stem cell niches in blj jkd scr J0571/GAL4-UAS::CBF3::YFP revealed absence of elongated cells following regeneration, whereas these type of cells were observed in the WT (Figure 7C, D) . Regenerated stem cell niches of 35S::CBF3 did not show elongated cells either, whereas cbf3 regenerated stem cell niches tended to have two rows of elongated cells (Figure 7E, F) . As cell elongation associates with differentiation, these results indicate that CBF3 also regulates the differentiation state of the stem cell niche during regeneration.
DISCUSSION
Over last decades organ formation and differentiation have been shown to rely on positional information delivered by hormone gradients and mobile TFs. In the root meristem, SHR movement from inner vasculature to the ground tissue was shown to regulate important aspects of radial tissue organization in layers or radial patterning from preexisting cell lineages, such as cortex/endodermis specification from the ground tissue initial and protoxylem/metaxylem specification from vascular initials [13, 14] .
How initial cell lineages are patterned is unknown. Our work provides evidences on how cell lineages are patterned from formative divisions of the stem cell organizer or QC during development. In addition, we show how these divisions require two homologous factors of the BIRD family, BLJ and JKD in combination with the GRAS TF SCR.
Cell-autonomous and non-cell-autonomous regulation of quiescent center formative divisions mediating root patterning
The QC was originally shown to maintain surrounding stem cells active and undifferentiated [5] . More recently, the QC has been shown to be able to replace damaged stem cells upon stress [25, 26] and during development [6] . However, the functional implications of stem cell replacement by the QC, i.e. in root patterning, are missing. Our results indicate that reduced number of QC cells with low regenerative capacities (as in blj jkd scr mutant or wild-type bleomycin-treated roots) results in loss of cell lineages. Based on these results, the QC emerges as critical component in root patterning, constituting thus, as an active source of stem cells and/or cell lineage initials during development. As root stem cells are thought to have self-renewing properties and divisions of the QC to replace damage stem cells are not often observed, different scenarios can be envisioned. One possibility is that stem cell loss during development is not rare. As loss of the initial means missing the entire lineage, profound patterning alterations would be observed even if just one initial was lost every 1-2 days without replacement. Other possibility is that not all tissue initials had selfrenewing capacity (or this is very low), relying likewise in QC formative divisions to replace them and maintain cell lineages. In this aspect, cell lineages firstly lost in blj jkd scr, such as the cortex/endodermis initial, could correspond to stem cells with low selfrenewing capacity. In agreement with this possibility, the cortex/endodermis initial was observed to undergo formative periclinal divisions without apparently self-regenerating in 5-day-old roots [35] . JKD and SCR have been shown to cell autonomously regulate QC specification [20, 24] . In addition, our data reveal that these two TFs, in combination with BLJ which is not present in the QC, are required for QC formative divisions. Regulation of QC formative divisions might therefore be cell-autonomous regulated by JKD and SCR. In addition, non-cell autonomous regulation is required as highlights the fact that blj jkd scr shows loses organization in concentric layers whereas most jkd scr mutants still have a recognizable pattern. In our model, CBF3, primarily expressed in the ground tissue, emerges as a component in the regulation of vascularly expressed factors leading to QC formative divisions and stem cell specification such as SHR (as shown by less SHR in cbf3). Furthermore, expressing CBF3 (J0571 UAS::CBF3::YFP) in blj jkd scr ground tissue (and occasionally in the QC) rescues many of the patterning defects observed in this mutant, which confirms the importance of non-cell-autonomous regulation in cell lineage specification and organization.
A plausible model for coordination of stem cell niche specification in the root meristem
In addition to JKD and SCR, SHR movement to the QC is also required for stem cell niche specification [14, 18] . In the longitudinal axis additional positional information to specify the QC and the stem cell niche is delivered by auxin hormone gradient. Auxin maxima induce PLT and high PLT dose associates with stem cell niche specification [11] . Based on our data, CBF3 is a new component in the regulation of positional information in the root meristem. Coordination between SHR and the auxin gradient to specify the stem cell niche has not been previously demonstrated. Our results show that BLJ, JKD and SCR and their downstream regulated factor CBF3, which are in the SHR pathway, regulate SHR levels (as shown by less SHR in blj jkd scr and cbf3). In addition, we show that BLJ, JKD and SCR regulate auxin transport and auxin gradient formation, which might be exerted through CBF3 as suggested by recovery in blj jkd scr meristem size when CBF3 was expressed in the ground tissue of blj jkd scr (blj jkd scr J0571 UAS::CBF3::YFP line). In this scenario changes in the levels of SHR (or its downstream targets BLJ, JKD and SCR) could modify auxin levels through CBF3, in this was coordinating SHR and auxin pathways.
Regulation of genes required for stem cell niche specification and regeneration involves CBF3
SHR and its direct target JKD were shown to have a specific interaction that promoted WOX5 activation; and accumulation of JKD in the QC area was sufficient to induce specification of QC-like cells [20] . SCR was shown to be required for specification and maintenance of the QC [21] , and more recently, it has been shown to work in combination with PLT3 and TCP20 to activate WOX5 expression [24] . In this model of regulation, SHR and JKD on the one hand, and PLT and TCP, on the other, emerge as critical regulators of gene transcription leading to QC specification, while SCR might regulate their combinatorial interactions or be a scaffold. Our data show that CBF3 may promote SHR accumulation, which in agreement with these results, could lead to QC specification. Intriguingly, we detected recovery in stem cell niche specification and complementation in the absence of JKD and SCR in the QC (blj jkd scr mutant), suggesting that an increase in SHR levels might compensate for absence of these two factors. An alternative hypothesis might involve CBF3 directly binding to genes involved in QC specification and formative divisions to activate their transcription.
Patterning re-establishment during other regenerative processes might involve CBF3
Pattern restoration upon cell-type targeted ablation or wounding has been shown to involve SHR and PLT triggering formative divisions in inner adjacent cells [36] . As SHR moves from inside to outside, signaling and activation of regenerative divisions from wounded cells appears to require the existence of unknown positional signaling. Our data show that CBF3 expression in the ground tissue (which moves from outside to inside) is sufficient to restore stem cell regeneration upon ablation of specific vasculature cells. Future research might reveal a role for CBF3 as a signal delivering positional information required for cell fate specification upon wounding.
MATERIALS AND METHODS
Growth Conditions
Seeds were sterilized in 25% (m/v) NaClO and rinsed three times with sterile water before being sowed on 120 × 120 × 10 mm petri dishes containing 65 mL of one-half-Murashige & Skoog (MS) medium with 1% Sucrose and 10 g/L Plant Agar (Duchefa).
For all the experiments, after 2 days of stratification at 4°C in darkness, plates were transferred to a custom made growth chamber and maintained vertically at 22°C with 16/8 hours light/darkness photoperiod at a white light rate intensity of 50 µmol·m −2 ·s −1 .
For bleomycin treatment, seeds were sown on MS medium with 0.8 μg/mL or 1.5 μg/ml bleomycin sulfate (Calbiochem) as indicated. 
Generation of constructs
Plant Material
Columbia-0 (Col-0) and Wassilewskija-2 (Ws-2) accessions were used as a genetic background as corresponding. The reporter lines pCYCB1;1:CYCB1;1:GFP [37] , shr-2 pSHR2:SHR2:GFP [35] , pPIN1:PIN1:GFP [38] , pPIN4:PIN4:GFP [39] , pDR5:NLS:eYFP [38] , pSMB:SMB:GFP [40] and pWOX5:ER:GFP [29] were introgressed by crossing into blj jkd-4 scr-4 [15] , cbf3-1 (SAIL_244_D02 from NASC) and OX CBF3 A30 (CS69502 from NASC). OX CBF A30 was crossed to pPLT2:PLT2:eYFP and shr-2 pSHR:SHR:GFP and examined in F1 generation.
UAS::CBF3-YFP J0571 was introgressed by crossing into blj jkd-4 scr-4 J0571 line [15] . Transgenic lines shr-2 plt1-4 plt2-2 [41] , plt1-4 plt2-2 [9] and shr-2 [42] were also used in this work.
Genotyping
DNA extraction from F2 seedlings was used for genotyping by PCR using the following 
Microscopy analysis.
Roots were stained with propidium iodide (10mg/mL. Sigma-Aldrich) and imaged using a TCS SP8 confocal microscope (Leica). Mature embryos were stained using the aniline blue staining method and scanned by confocal microscopy as described by [43] .
Laser ablation of specific cells was performed with one to three pulses of 30 seconds with a UV laser (405nm) using FRAP mode of TCS SP8. Root meristem size measurements were performed as described by [21] using Image J program 
Data collection and Statistical Analysis
For laser ablation experiments, at least 20 roots were assayed for each genetic background in two independent rounds. For root growth, meristem size and meristem differentiation measurements 60-90 seedlings of each genetic background in 2-3 independent rounds were used. SPSS Statistics 21 software (IBM) was used for statistical analysis. Normality and variance distributions were assayed using Kolmogorov-Smirnov and Levene tests, respectively. Significance in distributions of means was performed by one-way ANOVA analysis when samples to compare were <3 as indicated (case of one sample and control), or by General Linear Model (GLM) to assess for differences between genotypes, or when genotypes were compared at specific times, GLM was performed with a least significant difference (LSD) posthoc test.
Microarray analysis
Microarrays correspond to reference GSE60157. Normalization and differentially expressed genes were calculated as previously described [15, 42] , comparing set of microarrays only processed with the same Affymetrix kit and using the follwing cut-off settings: fold-change >±1.5, q-value < 10E-3 and expression value >1. 
Identification of transcription factors with enriched expression in
